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Figure S1. Scanning electron microscopy (SEM) images of the: (a) CuO/Cu.0O;
(b) TiO2/CuO/Cu20; and (¢) AgPt/TiO2/CuO/Cu,0 samples with a CuO/Cu0 thickness
of 20 nm.
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Pd/TlOZ/CUO/CUZO

Figure S2. Scanning electron microscopy (SEM) images of TiO2/CuO/Cu2O samples
covered with Pd nanoclusters at: (a) low and (b) high magnification; Ag nanoclusters at
(c) low and (d) high magnification; and AgPt nanoclusters at (a) low and (b) high

magnification.



Figure S3. (a) Low and (b) high magnification of scanning electron microscopy (SEM)
images of interconnected nano-crystallite TiO2/CuO/Cu,0 set sample with a CuO/Cu,0O
thickness of 20 nm covered with AgPt nanoclusters of 5-15 nm in diameter. Inset in (b)

shows an area of about 160 x 200 nm of sample from (b).
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Figure S4. X-ray photoelectron spectroscopy (XPS) spectra of the TiO»/CuO/CuO
heterostructures with CuO/Cu20O thickness of 20 nm (Cu20), decorated with Pd

nanoparticles (red line) and reference layer (black line).



—
o

—
-
[=]
o

(b)

Cu20+TiO,+Pd

2,0
§ 80
Bl X 1,5
8 60 P
: :
© L2
=] 21,01
-‘g 40 2
B o
c 2 o5
204 2 °
= \ Cu20+TiO,+Pd

I
D T T T ul 2 0,0 T v T g T J T E
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)

Figure S5. (a) Transmission spectra; and (b) Plot of absorption near the UV edge vs.
wavelength of the Pd/TiO./CuO/CuO heterostructure set sample with CuO/Cu0O
thickness of 20 nm annealed at 420 °C for 0.5 h.
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Figure S6. Plot of (ahv)? vs. hv for the copper oxide semiconductors in the substrate of

Pd/TiO2/CuO/Cuz0.
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Figure S7. (a) Response / recovery times to 100 ppm of hydrogen at different operating
temperatures of the TiO»/CuO/Cu0O samples with a CuO/Cu20O thickness of 20 nm
(Cu20) and decorated using Pd-NPs; (b) Dynamic response to different gases and
volatiles (hydrogen, n-butanol, 2-propanol, ethanol, acetone, ammonia and CH4) of the

Pd-NPs/Ti02/CuO/Cu2O Cu20-samples at the operating temperature of 250 °C.

S-9



—
Y
e ad
—
(=2
—
3
(=]
o

Air Hydrogen . —— OPT 250 °C Air Hydrosen1 ——OPT 250 °C
Gas concentration 1 Gas concentration
1004 out - out
Q 5 ppm T 300- 50 ppm
] Q
g In * 2 o
S S 200-
Q g
2 50 3
& 2 i
" 25 i " 100 - ';
@ { @ {
o i ) i
0 l; T T T 0 I( T T T
0 20 40 60 80 0 20 40 60 80
Time (s) Time (s)

Figure S8. Dynamic response to: (a) 5 ppm; and (b) 50 ppm of hydrogen gas of the Pd-
NPs/TiO2/CuO/Cu0 samples with a CuO/CuxO thickness of 20 nm (Cu20) at the

operating temperature of 250 °C.
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Figure S9. (a) Response to different gases and volatiles (hydrogen, n-butanol, ethanol, 2-
propanol, acetone and ammonia) of the Pd/TiO»/CuO/Cu>O samples with a CuO/Cu,O
thickness of 30 nm (Cu30); (b) The I-V current-voltage characteristic of the
Pd/TiO2/CuO/Cu0O samples with a CuO/Cu20O thickness of 30 nm (Cu30) at the
temperature of operation of 250 °C, 300 °C and 350 °C. The inset of the /I-V current-
voltage shows the behaviour of the same samples at low temperature of operation;
(c) Dynamic response to hydrogen of the Pd/TiO2/CuO/Cu,O Cu30 samples at various
temperatures of operation; (d) Dynamic response of the Pd-functionalized
T102/CuO/Cu20 Cu30 samples to three consecutive pulses of hydrogen at the operating
temperatures of 300 °C.
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Figure S10. Dynamic response to: (a) 5 ppm; (b) 50 ppm; and (c) 100 ppm of r-butanol
of the Ag-NPs/Ti02/CuQ/Cu,0 samples with a CuO/Cu,O thickness of 60 nm (Cu60) at

the temperature of operation of 300 °C.
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Figure S11. Dynamic response to: (a) 5 ppm; (b) 50 ppm; and (c) 100 ppm of r-butanol
of the AgPt-NPs/Ti0»/CuO/Cu20 samples with a CuO/Cu,0 thickness of 60 nm (Cu60)

at the operating temperature of 300 °C.
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Figure S12. Response to different gases (hydrogen, n-butanol, 2-propanol, ethanol,

acetone and ammonia) versus applied voltage of the Pd/TiO»/CuO/Cu,0O samples with a

CuO/Cuz0 thickness of 20 nm (Cu20).
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Figure S13. Dependence of the power consumption versus applied voltage for the

TiO2/CuO/Cu20 samples with a CuO/Cu,0 thickness of 20 nm (Cu20) and decorated
using Pd, Ag or AgPt NPs.
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Supporting Information Text S1

Heterostructures formed by p-n semiconductors, especially those functionalized with
noble metals, have a highly efficient catalytic activity and can be used to enhance surface
reactions in chemical sensing materials [1,2] and other applications [3—6]. Titania is
known to be n-type semiconductor oxide [2,7,8], but mixed CuO/CuxO phases are p-type
semiconductor oxides [9,10]. Thus, in TiO2/CuO/Cu;0O heterostructures it would
normally appear that the main detection currents must flow through the TiO: layer.
However, the resistance of the TiO2/CuO/Cu2O heterostructures increases, as the
detection currents are also influenced by the CuO/Cu,0 layer [2,11], which demonstrates
a typical behavior of p-type semiconductor oxides [2,11].

Moreover, it is known that the functionalization of oxides (such as ZnO, SnO, TiO»,
Cu0 and Fe>O3) with different noble metals and/or their alloys produces significant
improvements of their sensing performances [2,11]. For specimens functionalized using
nanoparticles (NPs) of noble metals or their oxides, the surface sensing mechanisms
mainly follow to pathways [12,13]. The electrical sensitization mechanism takes place
due to the formation of Schottky barriers at the nanojunction between the noble metal
nanoparticles and the semiconductor oxide surface [14]. The chemical sensitization
mechanism as a result of the new catalytic properties provided by the noble metals,
which enhance the detection properties of gas sensors [12,15-19]. Thus, chemical
sensitization facilitates the adsorption of certain gas molecules on the metal NP surface,
which induces better interaction and reaction with pre-absorbed oxygen species,

improving the gas detection performance [20,21].
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Since we added Pd, Ag or AgPt NPs on the surfaces, more oxygen species are adsorbed
via the “spillover effect”, as was detected during the XPS studies (see Figure 3a,b and
Figure S4). The good selectivity to hydrogen gas of the Pd/TiO»/CuO/Cu,O
heterostructures can be explained by the fact that Pd is known to be an excellent oxygen
and hydrogen dissociation catalyst, even at low temperatures [13,15,22]. From the
experimental data (Figure 4b), it can be observed that between relatively low operating
temperatures and up to 200 °C, the signal recovery takes place more slowly than at high
temperatures, as the adsorbed hydroxyl species (obtained during exposure to H») persist
longer on the surface of the Pd NPs. The hydroxyl species are removed more slowly in
the form of H>O desorption at low than at high temperatures [23,24]. If the temperature is

increased the oxygen spillover is predominant, since it is a thermally activated event [25].

In our case, the chemical sensitization is observed following the dissociation of hydrogen
molecules over the reduced Pd NPs, forming atomic H with better reactivity:

H;(gas) 5 Haasy + Heaas) (S1)
Haasy + Heaas) = ZH(J;dS) + 2e” (S2)
indicating that the density of Pd NPs on the material surface is a highly important

parameter [25].

As found in the XPS experiments of the PdO-functionalized WQOs-based sensors, the
proton species (H*) generated form palladium hydrides (PdHx), which have lower work

function in comparison to the pure Pd metal [26]:

XH(tlds) + xe™ + Pd(s) i Pde(S) (83)
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The formation of PdHx simplifies the transfer of charge carriers from the nanoparticles to
the TiO2/CuO/Cu20O heterostructures and decreases the electron-depleted region, thus

improving the gas detection value [15].

During the exposure of the Ag/Ti02/CuO/Cu20 or AgPt/TiO2/CuO/Cu20 heterostructures
surfaces to n-butanol vapor, it reacts with oxygen species to form CO; and H>O. The
enhanced vapors sensing properties can be explained due to the unique properties of the
heterostructures, that is the spillover and catalytic effects of the Ag and AgPt NPs [27]. In
this process, the electrons are released from the oxygen species, reducing the size of the
region with depletion of the electrons and the potential barriers. This process, which

increases the resistance, is represented as [28—30]:

(C,H,0H) ., <> (C,H,0H),, (S4)
(C,H,0H),, +120% —4C0, +5H,0+2%e" (S5)
(C,H,0H),, +120., —4C0O,+5H,0 +12¢ (S6)

These concepts support the superiority of the gas sensing behavior of the
Ag/TiO2/CuO/Cu20 or AgPt/TiO2/CuO/Cu20 heterostructures. Moreover, the large
surface area of the crystals and the good catalytic performance of Ag and AgPt ensure a
large number of active sites which facilitate the oxidation reaction of the VOC vapors. As

a result, the gas can diffuse into the pores of the sensor, which increases the gas response.
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Supporting Information Text S2

The ternary TiO2(111)/CuO(111)/Cu2O(111) heterojunction was modelled using a slab
with an area of 125.512 A2 and containing 32 formula units (f.u.) of Cu20, 16 f.u. of CuO
and 8 f.u. of TiO» dispersed over 12 atomic levels, see Figure 8. A vacuum gap of 20 A
was added in the direction perpendicular to the surface to avoid interaction between
neighbouring cells.

The initial geometries for the monometallic nanoclusters were chosen based on the most
thermodynamically stable structure, reported with the Ds;, point group for isolated
particles containing 7 transition metal atoms [31]. Figure S14a displays this shape
consisting of 5 atoms occupying equatorial positions, which form a pentagon, and the
remaining two atoms lying in the axial sites above and below the particle plane. We have
selected this cluster size, as this is the smallest structure that can contain the Pt
composition of approximately 15% closest to the one prepared in the experiments. For
AgePt, we have used the configuration where the Pt is located at one of the axes of the
cluster, since the occupation of the equatorial positions makes the system 162 meV
higher in energy. Note that replacing one Ag by one Pt in AgsPt reduces the symmetry of
this nanoparticle to the Cs, point group. The AgePt particle was incorporated into the
surface in such a way that the Pt atom was exposed, since we want to understand the
chemical sensitisation of this element in the sensors. The transition metal clusters were
added at the depression confined within the ring of TiO> units exposed at the top thin film
in the ternary heterojunction, since they have similar sizes, offering a geometrically
suitable anchor site. Following optimisation of the ternary heterostructures decorated with

the nanoparticles, we found that the noble metal atoms did not stay in the geometry with
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the Ds;, point group, see Figures 8 and S14. Our simulations suggest that the noble metal
occupying the axial position embedded into the ring of TiO; units, moving towards the
heterostructure and further fixing the nanoparticle to the substrate. Following adsorption,
the largest (least) elongation of the atoms lying at the opposite axial positions is
calculated at 1.76 (1.18) A for the Ag7 (Pdy) cluster. Replacing the exposed atom with Pt,
equivalent to a concentration of 14.28% for this element, reduces the stretching of the
axial atoms by 13.6% with respect to the parent nanoparticle. The adsorption of the
clusters also caused distortions to the pentagons, i.e. 80% of the equatorial atoms moved
0.10 A towards the axis of the Pd- cluster, while one of the Ag atoms moved 2.36 A
towards the vacuum, sitting at the same height of the axial atom in Ag7. The pentagon of
AgePt was the least affected and remained approximately flat after its incorporation into

the surface of the heterojunction.

Figure S14. Equatorial view (top panels) and axial view (bottom panels) of: (a) an
isolated nanoparticle containing 7 atoms in the Ds, point group, as well as (b) Pdy;
(c) Agz; and (d) AgePt clusters in their optimised adsorption configuration, where the
heterostructure has been omitted for clarity. Pd, Pt as well as Pt atoms are in different

shades of grey.
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The Tersoff and Hamann scheme has been employed previously to realistically mimic
experimental scanning tunnelling microscopy (STM) images [32-35], given that the
tunnelling current is corresponding to the local density of states of the surface at the
position of the tip. We have explored a range of positive and negative sample bias (V) and
found that the addition of the noble metal nanoparticles modifies the valence bands
around the Fermi level (Er). For example, the incorporation of the Ags cluster to the
ternary heterojunction broadens by 0.5 eV the occupied electronic states of the material
around the Fermi level. Swapping 14.3% of the Ag by Pt atoms further widens the
valence bands of the sensor, requiring a sample bias of V = —1.5 eV. However, the Pd;
cluster has a negligible effect on the density of states (DOS) of the hetero-epitaxial
device, since a sample bias of V = —0.5 eV is needed both before and after surface
functionalisation to force the flow of electrons from the valence band to the probe tip.
Despite their different relaxed structures, our STM images suggest that all the noble
metal clusters remain within the boundaries of a single dodecagon enclosed by TiO»
units. The microscopy images also confirm that the deposition of the metal nanoparticles
is feasible, if they at least fill 25% of the hollows enclosed by the exposed TiO: rings.
The simulated STM images are not only in excellent agreement with the discussion of the
adsorption structures of the nanoparticles, but they provide further insight into their
different shapes, as a tool for differentiation.

We have used equation S7 to calculate the interfacial free energy (Opar) of the

nanoparticle functionalised hetero-epitaxial systems,

Opart = Yr + (Eint - Zcz)zl noverEover - Esub - Z?):l npartEpart)/A . (87)
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where ¥, is the relaxed surface energy of the CuxO(111) substrate; Ein and Esub are the
energies of the ternary interface and substrate, respectively; Eover is the energy of 1 f.u. in
the bulk of the CuO(111) and TiO»(111) overlayers; and ngye, is the number of f.u. in
the overlayer; np,. represents the number of Ag, Pt and Pd atoms; Ej, .. is the energy of
one of such transition metal atoms in the fcc bulk; o represents the two overlayer phases;
p is the maximum number of atom types in the nanoparticle and A is the surface area of

one side of the slab.
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Supporting Information Text S3

Table S1 reveals that the calculated interfacial free energy increases from the value of
112 meV-A? for TiOx(111)/CuO(111)/Cu2O(111) [9,36] after deposition of the
transition metal particles. The chemical composition of the cluster plays a key role in the
thermodynamic stability, since the most stable hetero-epitaxial junction in this study
containing Ag is 145 meV-A 2 more stable than the least stable material decorated using
Pd7. Unsurprisingly, the deposition of the AgePt nanoalloy is slightly less favourable than
the functionalisation using the pure Ag; parent cluster, since the interfacial free energy is
only larger by 29 meV-A2 The adsorption energy of the particles onto the ternary
heterostructure was obtained from E,gqs = Eincspart — Eint — Zf,zl NpartEpart, Which
follows the same trend discussed for the interfacial free energy, as shown in Table S1.
The positive value for the adsorption energy indicates that the cohesive forces are
important to promote the growth of the transition metal clusters, rather than their
disintegration wetting the surface of the device.

Table S1 also displays the charge transfer values (4q), integrated using the Bader scheme
[37-39], which suggest that all particles, and in particular the Ag-based ones, became
positive upon adsorption. For the AgePt cluster, we found that each Ag atom donated
+0.337 e to the surface and Pt, which gained —0.307 e™ in agreement with the relative
electronegativities of these elements. The Ag7 cluster has a negligible magnetic moment
(m), which was also computed using the Bader methodology [37-39], since each
positively charged atom has a full 4d shell, as reported in Table S1. However, AgsPt and
Pd; are magnetic, as the negatively charged Pt has a half-filled 6s level and the

electronically depleted Pd has the electronic distribution 4d° with one unpaired electron.
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The work function (@) is a property that provides evidence of the surface reactivity, as it
quantifies the energy required to shift an electron from the Fermi level (Ef) to the
potential of the vacuum (Evac). The work function of the ternary heterojunction suffers a
reduction of approximately 37% from its initial large value of @ = 7.454 eV after
decoration using the noble metal nanoparticles, as listed in Table S1. The lower work
function values calculated for the heterodevices after surface functionalisation explain
their enhanced chemical reactivity, compared to these materials before adding the metal
nanoclusters. Our simulated work function values have a small difference of up to
0.14 eV, suggesting that the composition of the nanoparticles can be used to finely tune

the application of the materials as chemical sensors.

Table S1. Interfacial free energy (opar) and work function (@) for the ternary
heterostructure TiO2(111)/CuO(111)/CuxO(111) decorated with the Pd7, Ag7 and AgePt
clusters. The adsorption energy (Eads), charge transfer (4¢) and magnetic moment (m) for
the nanoparticles on the heterojunctions is also reported. Positive values of Ag indicate

that the metal cluster loses electrons.

Cluster Pd; Agy AgePt
Opart (MeV-A72) 418 273 302
Eags (eV) 4302  0.779 2.249
Ag (€7) +1.127  +1.695  +1.717
m (us) 0.418  0.014 0.891
@ (eV) 4.825 4798 4.681
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Supporting Information Text S4

We have simulated the adsorption of a selection of the molecules examined during the
gas response experiments, i.e. Ho, C;HsOH and n-CsHoOH, with the axial and equatorial
positions of the transition metal clusters. Following previous works [35,40,41], we
decided to introduce the H> molecule and the electron rich O atom from the VOCs at a
distance of approximately 1.5 A above the axial and equatorial adsorption sites of the
noble metal particles. Moreover, the H from the OH polar functional group were oriented
towards a nearby atom of the nanocluster, in order to maximize the number of
interactions. All initial configurations were then allowed to relax to their equilibrium
adsorption geometries and energies.

The binding energies for the interaction between the adsorbate molecules and the
TiO2(111)/CuO(111)/Cu0(111) layered system functionalised with the Pd; nanoparticle
are summarised in Table S2. Our calculations suggest that the most favourable binding
configuration takes place when the H, molecule interacts with the equatorial Pd atom,
releasing an adsorption energy of E.ss = —1.494 eV. However, the lowest and largest
molecular weight alcohols prefer attaching to the equatorial and axial sites of the Pd;
nanocluster, respectively. The calculated largest binding strength for n-CsHoOH
(C2HsOH) 1s approximately 0.8 (0.6) eV lower than for H>. The largest difference in
adsorption energies between the equatorial and axial sites of the Pd; nanoparticle is
1.154 eV, which was calculated for the H, molecule. Furthermore, the alcohols showed
the lowest variance of adsorption energies between the two Pd sites, with a value of just

0.017 eV for n-C4H9OH and only 22 times larger for CoHsOH. Despite the different
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nature of the adsorbates, we observed an inverse relationship of their molecular weight

with the change of adsorption energies between the equatorial and axial Pd positions.

Table S2. Adsorption energies (Eags) and charge transfers (4g) for Hy, CoHsOH and
n-C4HoOH on the ternary heterojunction TiO2(111)/CuO(111)/CuO(111) decorated with
the Pd7, Ag7 and AgePt clusters. The adsorption site of the adsorbate on the nanoparticles

is also indicated. A negative value of 4q denote that the adsorbate loses electronic charge.

Pd; Agr AgePt
Adsorbate Site Eas (eV)  Adg (e) Eaas Agq _
- Eqws (eV)  Adg (e
H» axial —-0.340 -0.046 -0.282 —0.039 -0.735 0.011

equatorial  —1.494 0.319 0.178  —-0.053 -0.748 —0.055

C.HsOH axial -0.515 -0.089 —0.596 —0.065 -0.395 —0.085
equatorial —0.896 —0.084 -0.579 —0.057 -0.916 —0.098

n_
C4sHoOH axial -0.699 -0.094 -0.560 -0.074 -0.852 —0.121
equatorial —0.682  —0.105 -1.129 —0.057 -1.053 —0.065
Table S2 also lists the adsorption energies released on

Ag7/TiOx(111)/CuO(111)/CuO(111), displaying a strong shift in preference towards n-
C4HoOH, where we calculated E.s = —1.129 eV on the equatorial site. However, the
adsorption of the largest molecular weight alcohol on the least coordinated axial site
reduces its binding energy by around 50% compared to its equatorial Ag counterpart.
C2Hs50H releases Eags = —0.596 and —0.579 eV when it interacts with the axial and
equatorial positions, respectively, suggesting that this alcohol has a minor preference for
the former adsorption site. We found that the non-polar H> molecule interacts weakly

endothermically and exothermically with both the equatorial and axial Ag atoms,
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respectively, with a difference in binding energies of ca. 0.5 eV. Our calculations reveal
that the decreasing order of the molecular adsorption strength is Eads(n-CsHoOH) >
E.s(CoHsOH) > Eaas(Hz) after replacing the axial Ag atom by Pt in Ags, as shown in
Table S2. However, the most favourable molecular interactions take place via the Ag
sites, suggesting that the axial Pt species acts as a promoter of the equatorial atoms of the
AgePt nanocluster. For the equatorial Ag binding position, we have elucidated the
adsorption energy values of FE.s = —1.053, —0.916 and —0.748 eV for n-CsHoOH,
C2H50OH and Ho, respectively. The smallest difference in adsorption energies between the
axial Pt and equatorial Ag positions was found for H>, which are almost degenerate at
0.013 eV. Inspection of the differences in binding energies between the two adsorption
sites and the alcohols exhibits an inverse relationship with their molecular weights.

For the system containing the Pd; clusters, H> interacts molecularly and nearly vertically
at 1.75 A above the 5-fold axial Pd site (see Figure S15a), where it shows the least
favourable adsorption observed on this material. The alcohols prefer to establish a single
coordinate bond through their O with the axial Pd atom, but the molecules position
themselves in different orientations with respect to the metal site. For example, CoHsOH
moved outwards during the geometry optimisation from the initial equatorial site,
forming a laterally coordinate bond of 2.27 A to the axial Pd atom in its most stable
adsorption configuration, as shown in Figure S15b. Despite the same O—Pd distance
calculated for the interaction of C;HsOH with the two types of sites, the adsorbate
remained atop the axial position of Pd; and further away from the sensor. The O atom
from the largest molecular weight alcohol stayed above the initial adsorption site, i.e. at

2.23 and 2.13 A from the axial and equatorial Pd sites, see Figure S15c. Our simulations
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indicate that the short hydrocarbon chain of C;HsOH stays parallel to the surface, which,

however, repels the longer alkyl radical of C4H9OH into a perpendicular configuration.

We have also analysed the atomic charges using the Bader partition scheme, which
reveals that the VOCs on both adsorption sites and Hz on the axial position of Pd; that
lost electronic density, as shown in Table S2. For these interactions, the calculated charge
transfers are below 4g = —0.105 e~ and their values are proportional to the molecular
weight of the adsorbate. We found that the difference in charge transfer was 0.05 and
0.09 e for the two adsorption sites of n-C4sHoOH and C;HsOH, respectively.
Interestingly, the largest charge transfer for each VOC molecule was observed for the
least favourable adsorption configuration. Unlike the alcohols, which lost charge density,
in the most favourable interaction of the H> molecule with the equatorial position of Pdy,
we detected instead that the surface donated 4g = 0.319 e to the adsorbate. Our charge
transfers suggest that electronic effects play a major role in the selectivity and sensitivity
towards H» of the ternary heterojunction containing the Pd; clusters, which is essential to
detect and discriminate this molecule within a mixture of VOC:s.

Figure S15d-f illustrates the binding configurations of H, CocHsOH and n-C4H9OH on the
most favourable adsorption sites of the Ag7/TiO2(111)/CuO(111)/CuO(111) system.
The H> molecule adsorbs molecularly at approximately 2.0 A above the axial and to the
side of the equatorial sites of the Ag; nanocluster, see Figure S15d. The sensor can only
exert a minor effect on the intramolecular H-H distance, with respect to the isolated H»
molecule, which was calculated at 0.79 A on both types of adsorption positions. We
found that the C;HsOH molecule forms a vertical coordinate bond on the axial site with

an O—Ag distance of 2.35 A, which becomes 0.03 A shorter at the equatorial adsorption
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position, as shown in Figure S15e. The largest molecular weight alcohol interacts
perpendicularly with the axial Ag atom at the slightly elongated distance of 2.31 A. We
observed that CoHsOH forms a flat adsorption configuration on both sites of the
heterojunction decorated using the Ag7 nanoparticles.

For the molecular adsorptions on the sensor decorated by the Ag; nanoparticles, the
Bader charge transfers were calculated between —0.039 and —0.074 e, see Table S2.
These values indicate that the adsorbate loses electronic density to the heterojunction
functionalised with the nanocluster, showing no clear correlation with the binding
energies of the VOC and H: molecules. For example, the most thermodynamically
favourable adsorption mode for n-CsHoOH at the equatorial position of the Ag7 cluster
displays an intermediate charge transfer of —0.057 e”. However, shifting this alcohol to its
less stable adsorption site at the axial Ag increases the charge transfer to the largest value
observed on this functionalised sensor. The H> molecule donates —0.053 e~ when it
interacts endothermically with the equatorial Ag atom, while the charge transfer is
reduced to —0.039 e~ on the axial adsorption site of the nanoparticle. Unlike n-CsHoOH
and H», which experienced the largest charge flows in their least stable adsorption sites,
C2H50OH preferred to donate —0.08 ¢~ more at the axial than at the equatorial adsorption
site, in line with their different binding energies. The lack of agreement of the charge
transfers with the molecular interaction strengths make are unable to explain the
selectivity of the heterosensor decorated with the Ag; cluster for n-C4HoOH.
Nevertheless, the small values of electron density flow that we have calculated for this

material support the low sensitivity that it displayed in our experiments.
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Hydrogen Ethanol n-Butanol
TiOx{111)/Cu0(111)/Cu,0(111) decorated with the Pd,

ﬁm[lll] i [ZM““] @ [fmllllj

(a)

TiO,(111)/Cu0(111)/Cu,0(111) decorated with the Ag;
@ zaglttl g g1l

TiO,(111)/Cu0(111)/Cu,0(111) decorated with the AgPt
lim[lll] (i) |§M[111]

Figure S15. Adsorption of (a, ¢ and g) Ha; (b, e and h) C;HsOH; and (c, f and 1) n-
C4HyOH on the heterostructure TiO2(111)/CuO(111)/CuO(111) decorated with the (top
panels) Pd;, (middle panels) Ag; and (bottom panels) AgePt clusters. Interatomic
distances are shown and crystallographic directions are indicated with respect to the
CuxO(111) substrate. The ternary heterojunctions functionalised using the noble metal
nanoparticles are displayed using the space-filling representation, whereas the adsorbates
are shown using the stick representation. O atoms are in red, H atoms are in white,
C atoms are in brown, Cu atoms are in dark blue, Ti atoms are in light blue and Pd atoms

are in grey.
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Figure S15g-i depicts the structures of the molecular interactions with the surface sites of
the hetero-epitaxial material decorated with AgePt that released the largest adsorption
energies. We found that H, remained perpendicularly atop the axial Pt atom at 1.91 A,
while it coordinated laterally to the equatorial Ag site at the more elongated distance of
2.07 A, which moved outwards upon adsorption, see Figure S15g. Our DFT modelling
suggests that CoHsOH prefers to stay parallel to the surface, binding both adsorption sites
at the same distance of 2.29 A, regardless of the different chemical nature of the metal
atom, as shown in Figure S15h. Moving this alcohol to the axial site forces a reduction of
the interfacial O—Pt distance to 2.23 A, which is nevertheless insufficient to counteract
the loss of the hydrogen-bond formed at the equatorial Ag site.

Our calculated charge transfers indicate that most of the adsorbates donate electronic
density to the sensor containing the AgesPt nanoclusters, see Table S2. The electronic
charges transferred by CoHsOH to the axial and equatorial sites of the nanoparticle are
—0.085 and —0.098 e, respectively, displaying a direct correlation with the adsorption
energies released in these positions. In contrast, n-C4HoOH donated —0.065 e~ in the most
stable adsorption configuration on AgePt, a value that nearly doubled at the axial Pt
position, leading to the largest charge transfer on this system. Despite H> having very
close binding energies on both adsorption sites of AgePt, our models suggest that those
interactions have opposite flows of electronic density, with the molecule receiving a
charge of 0.011 e in the axial position.

In this work, we have simulated the adsorption energies for the VOCs and H> and found

them to follow the same trends of our gas response experiments for the heterodevices
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functionalised with nanoparticles. The positive charge for the noble metal clusters was
calculated within the +1.1 to +1.7 e range, which lies between the values obtained for
the cations of the pristine binary and ternary heterojunctions. Our simulations suggest that
C>HsOH lies parallel to the surface of the sensor, due to its short alkyl radical, only
allowing coordination between the molecular O atom and the noble metal. This results in
the weakest interactions calculated for the two alcohols investigated computationally
here, which compares well with our gas sensing experiments. However, the average
distance between the equatorial atom of the nanoparticle and the closest surface O atom
from the TiO, is 4.22 A. Thus, we observed the formation of an additional hydrogen-
bond between the Ag-based nanoparticles and n-C4HoOH, since its large alkyl radical
accommodates itself perpendicularly to the surface, leading to the largest adsorption
energies calculated on these systems. We have also shown that there is a concomitant
effect between the reduction of the positive charge and the work function for the exposed
atoms in the heterojunctions after functionalisation using the metallic nanoparticles. The
intermediate atomic charge of the metallic nanoparticles induces a reduction of the work
functions with respect to the binary and ternary heterojunctions. The work function
descriptor justifies the large sensitivity of the Pd7/TiO2(111)/CuO(111)/CuxO(111)
sensor towards H», since it received 4g = —0.319 ¢~ from the surface, which allowed its
dissociation, releasing the largest exothermic adsorption energy of this study, in excellent
agreement with our gas sensing experiments. The quantum mechanical calculations
presented here support, complement and explain the changes of selectivity and sensitivity
found in our experiments for the ternary TiO2(11 1)/CuO(111)/Cux0O(111) heteroepitaxial

junction after decoration using the Pd;, Ag7 and AgePt nanoparticles.
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We have performed DFT+U—-D3(BJ) simulations to interrogate the properties of the
TiO2(111)/CuO(111)/CuxO(111) heterostructure decorated with the Pds, Ag7 and AgePt
nanoparticles as well as their interaction with H>, CoHsOH and n-CsHoOH. We have
explained the incorporation of pentagonal nanoparticles in their ground state symmetry,
i.e. Ds;, point group for the monometallic systems and the reduced Cs, point group for the
AgePt nanoalloy, onto the depressions existing in the TiO2(111) layer. We have found
positive values for the adsorption energies, indicating that cohesive forces drive the
growth of the mono- and bi-metallic nanoparticles. The surface free energy of the
heteroepitaxial material rises as a result of the deposition of the nanoparticles, suggesting
that the decoration process reduces the stability of the sensor. However, the adsorption of
the nanoparticles leads to lower values of the work function, which explains the enhanced
sensing properties of the material, in agreement with experiments. The most favourable
interaction was calculated for dissociative adsorption of H> on the sensor containing the
Pd; nanoparticles, since the molecule receives charge from the sensor. The large alkyl
radical of the n-C4H9OH molecule positions itself perpendicular to the surface, allowing
the formation of additional hydrogen-bond interactions with the surface oxygen when the
surface of the heterodevice is decorated using the Ag-based nanoparticles. The small
C2HsOH molecule always adsorbs parallel, which prevents the formation of a secondary
coordination bonds to the surface.

Figure S16 displays the atomic projections of the spin decomposed electronic density of
states (PDOS) for the topmost TiO: layer of the pristine and noble metal nanocluster
modified ternary heterojunctions. Before addition of any nanoparticle, the valence band

of the TiO: layer is dominated by the 2p levels of the O atoms between the Fermi level
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and —4.5 eV, see Figure S16a. The 3d states of the Ti atoms appear in the conduction
band with the minimum located at 2.9 eV. We also found a small unoccupied band in the
minority channel of the spins due to the O p orbitals at around 1.5 eV. Our calculated
electronic structures suggest that the impregnation of the nanoparticles enhances the
PDOS of the occupied Ti 3d states with the center roughly located at —2.5 eV as shown in
Figure S16b to S16d. The functionalization of the heterojunction with any of the three

metal nanoclusters also lowers significantly the occupied bands of the 2p states of the O

atoms.

PDOS (a.u.)
PDOS (a.u.)

PDOS (a.u.)
PDOS (a.u.)

Figure S16. Atomic projections of the spin decomposed electronic density of states
(PDOS) for the topmost TiO2 layer of: (a) the pristine ternary heterojunction and after
deposition of the (b) Pd7; (c) Ag7; and (d) AgePt nanoclusters. @ and f stand for the

majority and minority channels of the spins.
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The main difference between the PDOS of the functionalized heteroepitaxial junctions
lies in the position of the d bands of the noble metal atoms. When Pd7 is decorating the
surface, the partially occupied Pd 4d states appear between —6.0 and 1.0 eV, see Figure
S16b. However, when Pd is replaced by Ag, the 4d bands of the noble metal are pushed
to lower values of energy, with the maximum now located at —1.7 eV as shown in Figure
S16¢. Swapping one of the Ag atoms by Pt in Ag7 do not change significantly the PDOS
of the former, but a new narrow band appear at —1.0 eV due to the 5d states of the latter,

see Figure S16d.

Figure S17 shows the gas response of a Pd functionalized sensor at relative humidity
(RH) of 17% and 67%. We can see that the signals are in good agreement, showing that

moisture from the air is not detrimental to the functionality of the sensor system.
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Figure S17. Dynamic response to 10 ppm of hydrogen in air of the Pd/TiO2/CuO/Cu2O

samples at different relative humidity (RH) values.
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